We have characterized the cytosolic chaperonin from both rabbit reticulocyte lysate and bovine testis. The heteromeric complex contains eight subunits. Partial amino acid sequence data reveal that one of these is t-complex polypeptide 1 (TCP-1), while the other seven are TCP-1-related polypeptides, implicating the existence of a multigene family of TCP-1 homologues. We provide evidence that TCP-1 ring complex from bovine testis can facilitate the folding of both actin and tubulin, although, as in the case of chaperonin from reticulocyte lysate, two cofactors are required for the generation of properly folded tubulin. An additional molecule of TCP-1 may associate with the chaperonin depending on the purification procedure used. We propose that a highly conserved region in these polypeptides and in other chaperonins of the cpn6O chaperone family participates in ATP binding. of the chaperonin from reticulocyte lysate shows the presence of at least seven polypeptides. Both complexes contain a subunit that reacts with a monoclonal antibody to TCP-1 and amino acid sequence data confirm the presence ofTCP-1 in TRiC. A difference between the two chaperonins is that TRiC seems to contain two TCP-1 subunits, while the chaperonin from reticulocyte lysate contains only one (3, 5).
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The mechanism of protein folding remains one of the most intriguing aspects of modem biochemistry. Although some proteins can fold spontaneously into their correct native state in vitro, other proteins require the assistance of a class of proteins termed molecular chaperones to attain their proper specific three-dimensional structure (reviewed in refs. 1 and 2) . Among chaperones, the cpn6O family comprises toroidal structures that utilize the energy of ATP hydrolysis to facilitate the folding of a variety of target proteins. Recently, new members of this family were discovered in the cytosol of higher eukaryotes, where they play a similar role to their counterparts in mitochondria (heat shock protein hsp60), chloroplasts [ribulose-1,5-bisphosphate carboxylase (RuBisCo) subunit binding protein], and prokaryotes (GroEL in Escherichia coli and TF-55 in Sulfolobus shibatae). Chaperonin isolated from rabbit reticulocyte lysate folds ,B-actin (3) and, in the presence of two additional protein cofactors, a-and ,-tubulin (4), whereas an independently isolated chaperonin from bovine testis [t-complex polypeptide 1 (TCP-1) ring complex (TRiC)] has been reported to aid in folding tubulin and luciferase (5) . Like the mitochondrial, plastid, and prokaryotic chaperonins, cytosolic chaperonin from either reticulocyte lysate or testis forms a toroidal structure that behaves as a high molecular mass complex in sedimentation or gel filtration assays. However, while GroEL, hsp60, and TF-55 contain a single type of subunit (6) (7) (8) , and the RuBisCo subunit binding protein and the chaperonin from Pyrodictium occultum contain two different polypeptide chains (9, 10) , the cytosolic chaperonin is more complex, containing several different polypeptides with a molecular mass ranging from 52 to 65 kDa (3, 5, 11 of the chaperonin from reticulocyte lysate shows the presence of at least seven polypeptides. Both complexes contain a subunit that reacts with a monoclonal antibody to TCP-1 and amino acid sequence data confirm the presence ofTCP-1 in TRiC. A difference between the two chaperonins is that TRiC seems to contain two TCP-1 subunits, while the chaperonin from reticulocyte lysate contains only one (3, 5) .
We conducted this study to further characterize and compare the chaperonin from rabbit reticulocyte lysate and bovine testis. We demonstrate that the chaperonin from testis (TRiC), like the one from reticulocyte lysate, can facilitate the folding of actin and requires the presence of two additional protein cofactors for the generation of properly folded tubulin. Therefore, TRiC probably represents the bovine homologue of the chaperonin isolated from rabbit reticulocyte lysate. We show that the chaperonin from reticulocyte lysate contains eight different polypeptides one of which is TCP-1. All seven other polypeptides show various degrees of similarity to TCP-1.
MATERIALS AND METHODS
Reagents and Enzymes. Untreated rabbit reticulocyte lysate was purchased from Promega. Bovine testes were obtained from the local slaughterhouse. Trypsin was from Sigma and endoproteinase Lys-C was from Boehringer Mannheim. 35S-labeled methionine and cysteine were from ICN Biochemicals. All other reagents were of analytical or HPLC grade.
Chaperonin Purification. Chaperonin from rabbit reticulocyte lysate was purified as described by Gao et al. (3) . Chaperonin was also purified from bovine testis following the procedure described by Gao et al. (3) or by Frydman et al. (5) . The main differences between the two purification procedures are the use of MgCl2 in 20 mM Tris (pH 7.2) (3) instead of NaCl in 10% (vol/vol) glycerol/50 mM Hepes, pH 7.6 (5), as an eluent on the Mono-Q ion-exchange column during the first step, and the use of size-exclusion chromatography (3) rather than sucrose density ultracentrifugation (5 mg of rifampicin per ml 1 hr after the start of induction (14). Purification of recombinant actin and folding assays were done as described (3).
Preparation of -"S-Labeled Tubulin and Purification of Cofactors. 35S-Labeled a-tubulin was prepared (4) and iodinated bovine brain tubulin was made (5) exactly as described. Folding assays and analysis of folded tubulin either by native PAGE or by size-exclusion chromatography were done (3, 4) and cofactors were obtained (4) as described.
Purification of Chaperonin Subunits and Peptides. Subunits of the chaperonin complex were purified by C4 (Vydac, The Separations Group) reversed-phase HPLC (Waters) . A gradient of 1% acetonitrile per min in 0.1% trifluoroacetic acid was developed, and eluted proteins were detected at 214 nm. Isolated polypeptides were performic acid-oxidized (15), dried, and resolubilized in 4 M urea/100 mM Tris, pH 8.0. Prior to treatment with proteases, they were diluted 1:4 in 100 mM Tris (pH 8.0). All were digested with trypsin except the two polypeptides present in peak 6 (see Fig. 3 ), which were treated with endoproteinase Lys-C. Additionally, front and tail fractions ofpeak 6 were collected and separately digested with endoproteinase Lys-C. All proteolytic digests were performed according to the manufacturers' recommendations. Peptide mixtures were purified by C18 (Vydac, The Separations Group) reversed-phase HPLC as above, and selected peptides were sequenced by using automated Edman degradation on an Applied Biosystems sequencer (mod-A B R T so W el 470A or 477A) and on-line phenylthiohydantoin-modified amino acid detection (model 120) run as described by the manufacturer. Additional Methods. Sucrose density ultracentrifugation was done as described (5) . SDS/PAGE (10%) was done by the method of Laemmli (16), and gels were stained with Coomassie blue. Native gels were run as described by Gao et al. (3) and treated for fluorography (17) . Homology searches, alignments, and secondary structure predictions were done with the INTELLI GENETICS software package including the Protein Identification Resource (PIR; release 34) and SwissProt (release 23) data banks.
RESULTS AND DISCUSSION
A chaperonin isolated from rabbit reticulocyte lysate has been shown to fold f-actin (3) and, in the presence of two protein cofactors, a-and P-tubulin (4) . An independently isolated chaperonin from bovine testis (TRiC) has been reported to fold tubulin without the addition of cofactors (5) . To evaluate potential differences and similarities between these chaperonins, we purified TRiC as described (5) and tested its ability to fold denatured 35S-labeled f3-actin. Native PAGE analysis offolding reactions with purified bovine testis chaperonin shows that this chaperonin correctly folds actin in a manner indistinguishable from that observed either for the chaperonin from rabbit reticulocyte lysate ( (4) . Folding reactions were done in the presence of chaperonin purified from rabbit reticulocyte (lanes R) or bovine testis (lanes T). Lanes A, B, and C denote reactions containing cofactor A, cofactor B (4), and chaperonin, respectively. All reactions contained 1 mM MgATP, 1 mM MgGTP, and carrier brain tubulin (0.2 mg/ml); reactions done with chaperonin from bovine testis were performed either at 30°C or at 37°C in the presence of glycerol (5) (Fig. 1B) ; the trace amount of tubulin dimer produced in reactions containing chaperonin and cofactor B alone is due to a slight contamination of cofactor B with cofactor A. Note that at 37°C in the presence of glycerol (the folding conditions used in ref. 5) , no folding of a-tubulin is observed, regardless ofthe addition of cofactors. These results are further supported by assays using size-exclusion chromatography in which we employed a 125I-labeled bovine brain tubulin probe as target protein, prepared exactly as described (5) . In the absence of cofactors, a high molecular weight binary complex is formed between the chaperonin from testis and iodinated tubulin, while no monomer or dimer is observed (Fig. 1C ). An identical complex is found in the presence of only a single cofactor (Fig. 1D) , although a small amount of monomeric tubulin is found in the presence of cofactor A alone. The monomeric product is produced in very low yield, and therefore is not visible on nondenaturating gel analysis (Fig.  1D Inset) except upon prolonged overexposure (not shown). These results are in agreement with previous experiments in which monomeric ,B-tubulin is released from reticulocyte chaperonin in the presence of cofactor A (4) . Only upon addition of both cofactors is the properly folded dimeric tubulin with the expected molecular mass of 110 kDa generated (Fig. 1E) . These results are very similar to and consistent with those obtained for the reticulocyte chaperonin (4). We conclude that the chaperonin species from reticulocyte and testis are functionally similar, if not identical.
Another reported difference between the chaperonin from reticulocyte lysate and testis is the presence of twice the amount of TCP-1 in the latter case (3, 5) . Close (Fig. 2) . Although not as prominent as for TCP-1, there is also an increase of the low molecular weight band in the later fractions (Fig. 2) . This could mean that both subunits remain loosely associated with the complex during density centrifugation, probably because high sucrose concentrations tend to favor protein-protein interactions. Thus, the presence of an additional molecule of TCP-1 depends on the purification procedure used and the selection of fractions from the sucrose gradient. Lewis et al. (11) also reported a weak functionally regulated association of proteins from the hsp70 family with a murine high molecular weight complex containing TCP-1. The biological role of these associated proteins remains to be clarified, but they may function as auxiliary factors.
The rabbit reticulocyte chaperonin was further characterized by resolution ofits constituent polypeptides by reversedphase HPLC (Fig. 3) . This yielded seven peaks; analysis of the contents of each peak by SDS/PAGE reveals that all contain a single polypeptide with the exception of peak 6, which still contains two polypeptides (see Inset in Fig. 3) . Thus, this chaperonin appears to contain eight different polypeptides in all, probably all present at 1:1 ratios. This result is consistent with the high resolution electron microscopy structure of the archaebacterial thermosome of P. occultum, which clearly reveals 2 (20) (21) (22) .
To establish possible sequence relationships among the constituent polypeptides, we obtained partial amino acid sequences of all eight. To separate the two polypeptides in peak 6 on a preparative scale, we collected front and tail fractions. The front fraction still contained two polypeptides but was relatively enriched for polypeptide 6a; the tail fraction contained almost exclusively polypeptide 6b (see Fig. 3 Inset). We found it necessary to oxidize all polypeptides with performic acid prior to digestion with trypsin or endoproteinase Lys-C. Peptides were separated by reversedphase HPLC, and selected peptides were sequenced. All peptide sequences derived from the polypeptide in peak 5 match perfectly with the TCP-1 sequences from mouse (23) human (24), and Chinese hamster (25). Therefore, this fraction is very likely to contain rabbit TCP-1 (Fig. 4) . Some peptide sequences derived from polypeptides in peaks 2, 3, 4, 6a, 6b, and 7 could be aligned directly to TCP-1 sequences in the PIR or SwissProt data base and show various degrees of similarity to TCP-1 from mammals and lower eukaryotes (Fig. 4) . For peptides derived from polypeptide 1, we could not directly detect similarity to TCP-1; however, they show significant similarity to TF-55 from Sulfolobus shibatae, itself previously identified as having homology to TCP-1 (8) . In several cases we were able to sequence the homologous peptides belonging to different subunits. Given these results and the separation profiles of peptides (data not shown), we think it is likely that all chaperonin polypeptides are derived from different genes and do not arise via alternative splicing or posttranslational modification processes.
Where possible we compared our sequences with data available for TRiC (5) . It is clear that the two chaperonins are structurally related or even identical and probably have the same basic set of subunits. Both contain TCP-1, and some of the rabbit reticulocyte peptides we sequenced show a high (5) degree of similarity to those present in bovine TRiC (i.e., compare polypeptide 4 with TRiC polypeptide 5; see Fig. 4) . Because of the limited data available for TRiC, it is not possible to say whether differences reflect species divergence or subunit differences.
Four of the peptides we sequenced show a significantly higher similarity to TCP-1 than other peptides and cover a region (positions 50 to 63 in human TCP-1) that previously was shown to be highly similar between GroEL, RuBisCo subunit binding protein, hsp6O, , suggesting an important function for this region. Interestingly, a similar short sequence is found in all actins and in actin-related proteins (26, 27) (Fig. 5) . This sequence lies within one of the loops involved in contacting the sugar and phosphate moieties in ATP and is flanked by two (-strands in the crystal structure of actin (28). Secondary structure analysis predicts a 3-strand-turn-(3strand in the TCP-1 sequence (29). Therefore, this motif may serve a similar function and be part of the nucleotide binding pocket in proteins of the cpn6O family. A second sequence within TCP-1 has been implicated in nucleotide binding based on similarity with cyclic AMP protein-dependent kinase (11) .
In summary, we provide evidence that the chaperonin species from rabbit reticulocyte lysate and bovine testis are structurally similar and functionally identical. The chaperonin from reticulocyte lysate folds 3-actin (3) , and here we show that the bovine testis chaperonin purified as described (5) (28) is indicated above the actin sequence: ,3 = p-strand, t = turn. The predicted secondary structure (29) of TCP-1 is indicated below the TCP-1 sequence, where and: indicate identical and similar residues between actin and TCP-1, respectively. facilitated folding. We show that the chaperonin from rabbit reticulocyte contains TCP-1 and seven related subunits, suggesting the existence of a multigene family of TCP-1-related proteins. The exact arrangement ofthe subunits in the toroidal structure and their contribution to the folding activity remain to be elucidated.
